Abstract--Silicone rubber received attention as an alternative to polyvinyltoluene in applications in which the scintillator is exposed to high doses of radiation because of the increased resistance of the rubber to the formation of blue-absorbing color centers. Work by Bowen, et al., and Harmon, et al., demonstrated their properties under gamma/x-ray irradiation, and Bell, et al. have shown their response to thermal neutrons. This last work, however, provided an example of a silicone in which both the boron and the scintillator were contained in the rubber as solutes, a formulation which led to the precipitation of solids and sublimation of the boron component. In the present work we describe a scintillator in which the boron is chemically bonded to the siloxane and so avoids the problem of precipitation and loss of boron to sublimation. Material containing up to 18% boron, by weight, was prepared, mounted on photomultipliers, and exposed to both neutron and gamma fluxes. Pulse height spectra showing the neutron and photon response were obtained, and although the light output was found to be much poorer than from samples in which boron was dissolved, the higher boron concentrations enabled essentially 100% neutron absorption in only a few millimeters' thickness of rubber.
I. INTRODUCTION ILICONE rubbers have a long history. Roff [1] reports that although silicon esters were prepared in 1846, and organo-silicon materials were prepared around 1870, major research and commercial development activities with this material did not begin until the 1930s. Around 1990, with the proposal of larger high-energy physics accelerators, silicones were investigated [2] , [3] as a substitute for polyvinyltoluene in scintillators because the latter material had been observed to yellow after absorbing megarad doses. In addition, silicones, being elastic, are not prone to crazing and cracking because of residual stresses introduced during curing (in fact, silicones cure at or only slightly above room-temperature). Dissolution of carborane into silicone rubber has been reported previously [4] with good results and the resulting material was sufficiently clear that centimeter-thick disks could be used effectively as thermal neutron detectors. The solubility of carborane in silicone, however, limited the amount of boron that could be put into the rubber, and, as part of the present work, it was found that the volatility of carborane coupled with the relative openness of the rubber promoted sublimation of the carborane to the point of rendering the rubber insensitive to thermal neutrons. Consequently an effort was launched to attach boron compounds to siloxane. This paper reports the detection of neutrons with silicone rubber with boron bonded to the siloxane.
II. SAMPLE PREPARATION
Prior to making solid rubbers measurements were made to determine that carborane-siloxane oligomers did not hinder the scintillation process. Consequently, the first experiments used commercially available carborane-siloxane liquids mixed with toluene and PPO. A mixture containing Dexsil 400 GC polymer and 2,5-diphenyloxazole (1.3% by weight) was dissolved in toluene at approximately 50 wt. % and placed in a rectangular cell approximately 1 mm thick by 6 cm 2 . The cell was mounted on a 7.62 mm diameter photomultiplier tube, and covered with aluminum foil and black vinyl electrical tape. The resulting spectrum showed the expected peak from the (n,α) reaction, and encouraged the preparation of solid disks. Samples of silicone rubber were then prepared by catalyzing a multi-component liquid mixture, one component of which contained phenyl groups, the others provided boron and crosslinking, and into which mixture diphenyloxazole (PPO) and triphenyl pyrazoline (TPY) were dissolved. Additional disks containing PPO and dimethyl POPOP were prepared by dissolving the scintillator into the liquid and centrifuging the liquid to remove undissolved POPOP from the mixture. Previous work [4] has shown that siloxane with PPO at 1.5 % and TPY at 0.15% yielded a blue-emitting scintillator, and the same was done in the present work as well. The POPOP was found to be about half as soluble, but the resulting material had a visible blue fluorescence. Although TPY is more soluble, POPOP may still be preferred because TPY has been observed to be optically active and degrades upon exposure to ambient fluorescent lighting.
Disks were polymerized in glass vials, which had been coated with clear silicone grease as a release agent, and although the rubber disks were easily freed from the vials, it was apparent that diffusion of the grease into the samples had occurred, resulting in a cloudy surface where the rubber was in contact with the glass and cloudy wisps within the disks. The free top surface, however, was clear and, after trimming the small lip of the meniscus, could be coupled to a Hamamatsu R1947 photomultiplier with optical grease. PPO-POPOP samples were also prepared vials that had been coated with a silicone to bond with the -OH on the surface. This resulted in a surface that also easily released the scintillator disks, but did not contribute turbidity to the samples.
Although the unpolymerized PPO-TPY liquid was water clear, after polymerization the resulting monolith had a yellowish cast. It has not yet been determined if this is the natural color of the rubber or a result of an unknown reaction between the fluors and the silicone fluids. In any event, it was obvious that there would be little use in using specimens much thicker than 6 mm, since the poor surfaces, interior cloudiness, and color could reasonably be expected to degrade light collection significantly. On the other hand, PPO-only samples prepared in silylated vials were sufficiently clear that samples 10 mm thick were prepared and tested.
III. RESULTS
The response of a scintillator-less photomultiplier to a heavily moderated Am-Li neutron source was obtained to determine that (n, α) reactions in the borosilicate glass would not interfere with the measurement. Fig. 1 , below, shows that no peaks were observed in the spectrum. The absorption spectrum of a 10% boron, carborane-silicone rubber (Fig. 2) showed that it would be necessary to red-shift the emission.away from the emission band of PPO. Even at 420 nm, the curve indicates that the mean free path of light is only about 9 cm, and argues against the fabrication of large-volume specimens.
Samples of PPO-TPY rubber with 10%, and 18% boron, by weight, were prepared as disks 2.5 cm in diameter, 3 mm thick. Phenyl content was 10.4 and 21.6 wt. %. The neutron responses are shown in Figs. 3 and 4 ; data were accumulated for 400 seconds (live time). placed around the lead cup, thereby removing thermal neutrons from the field. It is seen that the cadmium-cup spectrum is essentially that of the bare-tube (Fig. 1) , except for the region of the (n, α) peak. The enhancement is caused by leakage of neutrons around the cup, the small fast neutron response of the scintillator, and fast neutrons that passed through the cups and detector and were subsequently scattered back into the detector as slow neutrons. Fig. 4 shows the spectrum from the 10% boron TPY sample together with a spectrum from 241 Am. Although this sample is only 3 mm thick, a poor photopeak is developed and serves as an energy fiducial: the (n, α) peak is expected to occur at approximately 110 keV electron equivalent energy, which is almost twice the energy of the 241 Am gamma ray. It is also observed that the doubled phenyl content of the 10% sample results in approximately doubled brightness as compared to the 18% sample.
Figs. 5 and 6 show the effects of the wave-shifter on the responses of 5% boron samples. For these figures, the scintillator was formulated with PPO only (Fig. 5) and with PPO and dimethyl POPOP (Fig. 6 ). Data were accumulated for 120 seconds (live time). PPO emits light between 360 and 380 nm when dissolved in silicone. Fig. 5 shows that the absorption of light by the silicone matrix causes an asymmetry in both the neutron and 241 Am peaks, and essentially washes out the Am peak. However, the addition of dimethyl POPOP (Fig. 6 ) moves the scintillation light above 410 nm, into a region of lower absorption (see Fig. 2 ) and results in a symmetric neutron peak and better-defined Figs. 7 and 8 show neutron spectra obtained as in Figs. 5 and 6, except the disks had boron content of 10%. Just as in the 5% cases, the presence of the blue-emitter in the scintillation cocktail improves the light output of the material. However, in this case the neutron-induced pulses are nearly a factor of two brighter rather than 20% improvement in Figs. 5 and 6. Examination of the PPO-only disk revealed a crack extending through nearly half the thickness of the disk and breaking the surface coupled to the photomultiplier. It is likely that this crack significantly affected light collection and resulted in an artificially dimmer disk. In comparison to the 10% boron/TPY disk (Fig. 4) , the 10% boron/POPOP disk is 20% dimmer when account is taken of the gain difference mentioned above. This is likely to have resulted from the slightly longer wavelengths emitted by TPY. The lower brightness seen in Fig. 8 relative to Fig. 6 is consistent with the phenyl content of the two samples, 21 wt. % and 29.5 wt. %, respectively.
IV. CONCLUSIONS
The operation of a boron-loaded silicone rubber scintillator with the boron bonded to the siloxane backbone has been demonstrated. The dependence of the light output on phenyl content was painfully apparent, and the present formulations trade boron content for phenyl. Although the carborane contained natural boron, the material can also be synthesized with 10 B, resulting in a scintillator with much higher absorption cross section. The high boron content possible enables the fabrication of an efficient thermal neutron detector in a thin wafer (1.3 mm of 18%
10 B material will absorb 99% of incident thermal neutrons), thereby minimizing gamma sensitivity. On the other hand, should some gamma sensitivity be desired, the boron content can be varied to devise detecting media with gamma sensitivity tailored to a specific task.
Since this scintillator material is still new, it will be necessary to study its stability over long periods of time to verify that there is no loss of boron, and that dissolved scintillator does not precipitate. Precipitation is potentially a problem because silicone rubber is a more open structure than polyvinyltoluene, and may permit diffusion and coagulation of solutes. It remains to improve the optical quality of the material, and to improve its brightness by the addition of phenyl rings at the expense of methyl groups.
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